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Abstract
The ongoing research in topologically protected electronic states is driven not only by the
obvious interest from a fundamental perspective but is also fueled by the promising use of
these non-trivial states in energy technologies such as the field of spintronics. It is therefore
important to find new materials exhibiting these compelling topological features.
InBi has been known for many decades as a semi-metal in which Spin-Orbit Coupling
(SOC) plays an important role. As SOC is a key ingredient for topological states, one may ex-
pect InBi to exhibit non-trivial states. Here we present a thorough analysis of InBi, grown on
InAs(111)-A surface, by both experimental Angular-Resolved PhotoEmission Spectroscopy
(ARPES) measurements and by fully-relativistic ab-initio electronic band calculations. Our
investigation suggests the existence of topologically non-trivial metallic surface states and
emphasizes the fundamental role of Bi within these electronic states. Moreover, InBi appears
to be a topological crystalline insulator whose Dirac cones at the (001) surface are pinned at
high-symmetry points. Consequently, as they are also protected by time-reversal symmetry,
they can survive even if the in-plane mirror symmetry is broken at the surface.
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Introduction
The manipulation and measurement of the electron spin polarization is of central interest for
spintronics with a profound impact on nanoelectronics, data storage and computer architec-
tures. Spin-orbit coupling (SOC) plays a central role because the control of spin will require
coupling to the orbital motion. It is also known that the SOC highly depends on the atomic
number Z: SOC ∝ Z4 37. In this respect, bismuth, the heaviest non-radioactive chemical ele-
ment, is a promising compound for conceiving new functionalities in electronic components.
As such, Bi is nowadays well-known as a parent compound of many Topological Insulators
(TIs) such as Bi2Se3 25,30,36, Bi2Te3 17,18,24,30,38,41 or Bi1−xSbx 16,23,39. Pure Bi is a semi-metal
crystallising in the rhombohedral structure in which Bi can be described as a stacking of
bilayers along the [111] crystallographic direction21. This system is known as a ’playground’
for studying Rashba split states19,20 and is theorised to show non-trivial properties at low
dimensionality9,29,40. More specifically, theoretical work predicted Bi(111) thin films to be a
2D TI40 and additionally demonstrated that an oscillation between the trivial and non-trivial
phases of matter can be obtained when tuning the inter-bilayer distance29.
Bi was very recently predicted to be a Topological Crystalline Insulator (TCI) when con-
fined to the 139 space group structure31. Unlike the TIs engendered by the SOC interactions,
TCIs are a result of the crystal’s symmetry properties15. In other words, the TCI’s non-trivial
surface states are at least protected by crystal-symmetry, with the time-reversal symmetry
potentially adding up depending on the surface crystallographic orientation: if the topo-
logical electronic states are located on surface high-symmetry points, then these sates have
quadratic band degeneracy. Thanks to this property, TCIs can undergo lattice distortion
with the topologically non-trivial states surviving.
The structure of Bi-139 consists, in the [001] direction, of a stacking of Bi bilayers. Even
though this structure has not been experimentally realised yet, the TCI phase of this system
should in principle exhibit non-trivial metallic surface states (regardless of the strain applied).
This latter property, i.e. stretching the lattice parameter, points toward the search of the
right substrate(s) for realising Bi-139.
InBi is an alloy theoretically known since the middle of the last century to be stable
within the PbO structure1,4. Indeed, theoretical studies have tested out many structures, i.e.
the PbO, the ZnS or the Wurtzite structures, proving the minimisation of the total energy
of the system when considering the PbO structure12,44 and more specifically described the
decisive role of the SOC taking place within the system: when ignoring relativistic effects,
PbO is no longer the most stable phase of InBi44. In the past decades, the typical methods
used to produce crystals of InBi consisted in the Bridgman-Stockbarger, the Czochralski
and the zone-melting techniques32,34,35 and it was experimentally confirmed that the PbO
structure was systematically observed for InBi. However, it was also reported that formation
of In2Bi and In5Bi3 happens in parallel32. Unfortunately, the InBi monocrystal remains not
well-known and, to our knowledge, there are very few reports8,11 of experimental production
and study of well-ordered InBi crystals. Additionally, freestanding InBi(111) thin films were
recently theorised to be non-trivial6,13,14,28 and the alloy is more accurately predicted to
be a 2D TI within the InBi/Si(111) system7,42 within the typical III-V group honeycomb
structure. These latest predictions underline the urgency to experimentally study InBi thin
films.
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In parallel, Bi was also studied as a chemical dopant within semi-conducting systems,
such as InAs, to lower the temperature dependency of the energy band gap. These studies
aimed at using the developed compounds for Infra-Red detection devices. It was realised
that Bi naturally substitutes As atomic sites within InAs, giving the InAs1−xBix alloy system.
However, beyond a few percentages of doping, Bi is no longer assimilated in the InAs structure
and InBi clusters are concurrently forming. Recently, it was proven by Transmission Electron
Microscope (TEM) that InAs1−xBix and InBi crystals are coexisting when doping InAs with
a certain minimum amount of Bi8.
We here present another means of creating InBi crystals on an InAs substrate. The
method consists in depositing Bi on an In-rich InAs substrate. The obtained system was stud-
ied by Scanning Tunnelling Microscopy (STM), Low-Energy Electron Diffraction (LEED),
core-level spectroscopy and by Angle-Resolved Photoemission Spectroscopy (ARPES). We
show that InBi ordered crystals coexist with a Bi monocrystal when preparing an InAs(111)-
A substrate. The experimental measurements were supported by ab-initio calculations per-
formed with the SPR-KKR package. The theoretical analysis allows us to clearly identify the
electronic features and to investigate, in the case of InBi, the contributions from the different
chemical elements within the non-trivial metallic surface states.
Results and Discussion
The InAs(111) surface can be cation (In) terminated, namely the A side, or anion terminated
(As), referred to as the B side, due to the lack of inversion symmetry of the InAs crystal (see
e.g. E.T. Yu, III-V Nitride semiconductors43). We here present results obtained with only
InAs-A substrates. After degassing the InAs(111)-A surface, the substrats were prepared by
repeated cycles of ion bombardment (Ar+, 600 eV) and annealing at 400 ◦C. The LEED
patterns show a 2×2 reconstruction, in agreement with previously reported investigations.2
After depositing approximately 20 bilayers of Bi, the LEED displays complex patterns, as
shown in Fig.1(a) and (d), that can be attributed to two different structures, one hexagonal
and three square (tetragonal) regions each rotates by 120◦ from each other. Scanning Tun-
nelling Spectroscopy (STM) images confirm in real space the presence of these structures. A
Bi(111) monocrystal forms triangular islands (Fig.1(b)) showing, in a close-up, a hexagonal
structure as seen in Fig.1(c), whereas the cubic (tetragonal) structure (Fig.1(e)) is distributed
in rectangularly shaped islands. The X-Ray Diffraction (XRD) technique completes the un-
derstanding of the structure and allows to attribute the hexagonal crystals to bulk Bi and
the tetragonal one to InBi. The diffraction pattern in Fig.1(f) shows clearly reflexions from
(006) and (211) planes of Bi and of InBi, respectively.
The presence of hexagonal Bi crystal is expected due to the symmetry of the substrate,
however the growth of InBi alloys needs to be more argued. This can be easily accepted when
realizing that the annealing of the InAs wafer during the preparation can slightly enrich the
surface by In because As atoms are evaporated at lower temperatures. As a consequence,
during the deposition process of Bi a part of Bi atoms react with In forming ordered InBi
alloy crystals. Interestingly, this method appears to be a variant from another report of InBi
crystals naturally appearing when doping InAs with Bi. As the solubility of Bi in the InAs
bulk crystal is low (about 3%) the surplus of Bi atoms segregates in InBi alloy as recently
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shown by by Transmission Electron Microscope (TEM)8. The tetragonal InBi crystals were
shown to present relaxed lattice parameters in comparison to the cataloged parameters4 of
the bulk crystal: +6.6% and +9.6% for a and c lattice parameters, respectively. Impor-
tantly, the orientation of crystallographic axes were precisely determined within this study.
The InBi[001] crystal axe is always parallel to InAs[111] one, in total agreement with our
observation. However, in our case the structural parameters fits with the bulk crystal4: -0.3%
and +1.15% for a and c, respectively.
Our ARPES spectra exhibits a hexagonal symmetry as shown by the Fermi surface map-
ping in Fig.2(a). Within this hexagon, one can find the already well-known spin-orbit split
surface states corresponding to the Bi(111)3,21,27,33, in particular along the ΓM direction.
By including the effects of SOC, our calculations performed for a Bi(111) monocrystal repro-
duced the overall hexagonal structure with these split states (Fig.(2(b)). There is however
a particularity for this monocrystal deposited on the InAs(111)-A substrate as compared to
the bulk one. Close to the M point one observe extra states shaped in a butterfly-like pattern
as circled in Fig.2(a). We suggest that these electronic states are due to the filling of the
bottom of the Bi conduction band and are clearly appearing in our calculation, see Fig.2(b).
The electrons are supplied from the high density electron gas of the accumulation present on
the pristine InAs(111) surface26.
In parallel, additional electronic bands can be found further beyond the M point in the
experimental Fermi surface mapping of Fig.2(a), arranged in ring-like shapes shown by arrows
and referred to as "ring state" in the following text. A zoomed area close to the ring state
is shown in Fig.2(c). The band dispersion of these structures along the MK direction, as
indicated in Fig.2(d), appear to be converging towards a Dirac-like point above the Fermi
level. An extrapolation of the ARPES spectra estimates this intersection of the bands to be
located within 80 to 100 meV above the Fermi level. At the M point, these electronic bands
present a strong circular dichroism effect (not shown here) which suggests a spin-polarisation
of the surface bands, giving a chiral spin texture. A thorough theoretical analysis by ab-initio
calculations, detailed in the following section, reveals these surface states to be non-trivial
and to belong to the InBi alloy system.
Ground state calculations
As previously mentioned, InBi crystallizes in the PbO structure. Its space group is the
P4/nmm, referred to as 129, with the atoms distributed on the following Wyckoff positions:
(0,0,0) and (12 ,
1
2 ,0) for In and (0,
1
2 ,z) and (
1
2 ,0,z) for Bi, with z = 0.393
4, as sketched in
Fig.3(a). The nearest neighbors of an atom of Bi consist of 4 In atoms forming a tetragon.
As the In-Bi distance is the shortest, the alloy is typically pictured as a stacking of Bi-In-Bi
tri-layers with weak Bi-Bi bonds. The side view image depicted in Fig. 3(c) shows this
trilayer perspective (left brace). Nonetheless, the same sketch can be seen as a stacking of
Bi bilayers (right brace), separated by In layers. The InBi alloy system is stable within this
tetragonal structure thanks to SOC interactions12,44. The surface Brillouin zone, as sketched
in Fig.3(d), for the [001] directions consists of a square with three different surface high
symmetry points: Γ , M and X.
The projection of the bulk electronic band structure along the ΓM direction using the
one-step model of photoemission in Fig.3(e) reproduces the semi-metallic behavior of InBi
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as described in literature: the band gap roughly follows a curve. As already mentioned,
Dominguez et al.8 observed that, when co-evaporating As, In and Bi onto InAs(111) , re-
laxed InBi(001) clusters are created. In this configuration, the lattice parameters undergo a
relaxation, going from a = 5 Å and c = 4.77 Å to a = 5.31 Å and c = 5.229 Å. Interestingly,
using these relaxed parameters, the projected bulk band structure in Fig.3(f) displays an
alignment with the Fermi level, describing a semi-conducting-like behavior.
If one sketches the ring states on the LEED pattern, one realizes that these surface states
can coincide with the corners of the InBi surface Brillouin zones, also referred to as M points.
In this respect, Fig.3(g) shows the Bloch spectral function along the ΓM direction.
Our calculations were performed for a Bi bilayer-terminated surface system. In this case,
a bulk band gap, in white, separates the valence and the conduction bands, represented in
grey. Nevertheless, surface electronic states, black lines, lie within the band gap. These
surface states cross at the M point, indicating a potential chiral spin texture.
As in the literature InBi(001) is commonly seen as a stacking of Bi-In-Bi trilayers, the
other possible surface terminations were checked as well (spectra not shown here). At first the
trilayer termination, or the single Bi layer-termination, does give a bulk band gap with some
surface bands. However, these surface states do not disperse and are glued to the conduction
band within the M region. If one brakes the trilayer and removes the top-most Bi layer, one
ends up with an In-terminated surface. In this case, surface states do disperse within a bulk
band gap. Yet, other surface states appear lying within the valance band, which does not
comply with our experimental observation.
In summary, the ab-initio calculations suggest that the obtained InBi crystals have a
Bi bilayer-terminated surface. The sketch in Fig.3(b) shows the square pattern of the Bi
atoms for this surface termination. Therefore, this surface termination will be used for the
remainder of the presented calculations.
The spin-resolved Bloch spectral function in Fig.3(h) shows the spin-polarisation of the
electronic structure within the same M region. The surface bands of interest, indicated by
dotted line, are spin-polarized, therefore corroborating the circular dichroism effect measured
on the sample. These surface states are degenerated at the M point due to time-reversal
symmetry, displaying around this region a spin momentum locking. The spin polarisation
anisotropy around the surface high-symmetry point attests to the non-triviality of these
surface states and points to the potential topological properties of the InBi crystal.
Analysis of layer-resolved Bloch spectral functions are presented in Fig.4 in order to
detail the contribution of the different atom types and the different atom sites for both sets
of lattice parameters of InBi crystal, measured in our experiment and relaxed8, as discussed
above. The sketch on the top describes the configuration of the atomic layers for an InBi(001)
surface. From this point of view, the structure can be seen as a stacking of successive Bi-In-Bi
trilayers with the crystal termination by an excess Bi. The topmost layer can also be seen as
a Bi bilayer sitting on the surface. As attested by the set of Wyckoff positions given above,
both the Bi bilayer and the In monolayer are composed of two non-equivalent atomic sites.
The Bloch spectral function presenting the contribution of the top-most Bi atom of the
InBi(001) surface for measured and relaxed8 InBi lattice parameters are shown in Fig.4(c)
and (d), respectively. Clearly, the topological surface states survives in both crystals.
In order to better follow the contribution of different atomic layers to the surface states
we plot in Fig.4(a) and (b) the relative intensity of the crossing at the M point, for the
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standart-like and relaxed lattice parameters.
The first Bi layer brings the most important intensity and is preponderant among the
contributions of the other atoms. The participation of the second Bi layer in Fig.4(a) and
(b) is genuinely much weaker such that its intensity is comparatively decreased by an order of
magnitude. The In layer is formally composed of two inequivalent atomic sites. Nonetheless,
their contributions to these surface states remain the same and comparable to the second Bi
atom.
The contribution to the overall intensities generated by the atoms below shows a repli-
cation of the periodicity: the intensity increases for the bottom Bi atom (n◦ 4) of the first
trilayer, which by analogy can be seen as an excess Bi layer of the second trilayer. The in-
tensity those equivalent Bi layers decreases exponentially with the distance from the surface.
So, our calculations show that the topological state is generated by the topmost Bi layer and
its intensity is resonantly transmitted to crystallographically equivalent atoms.
A closer comparison indicates that the topmost Bi bilayer of InBi(001) has the same
structure as the Bi(001)-139 configuration. Nonetheless, the mirror plane parallel to the
(001) plane form Bi-139 does not exist within InBi, which tends to indicate that we create
a single bilayer of Bi-139. However, the general surface symmetries of the systems have the
same properties: both ΓM and ΓX are mirror planes for both InBi(001) and Bi-139(001).
So, the InBi crystal is an experimental realization of theoretically predicted Bi(001)-139
structure.
Our work concurs with a recent study of InBi monocrystals from Ekahana et al.11 who
characterised the samples both on the experimental and theoretical sides. These crystals were
obtained using the horizontal Bridgman method. Resulting samples were studied by ARPES
and X-ray Diffraction (XRD) in order to point out so-called Dirac nodal lines in the region of
the X and M areas of the Brillouin zone. The XRD analysis of their crystal did not exhibit
any noticeable relaxation of the lattice parameter: i.e. a = 5.01 Å and c = 4.78 Å. Despite
the relaxation considered in our case, we theoretically confirm preservation of these Dirac
nodal lines. Nonetheless, we once more stress the importance of the surface termination:
from a regular trilayer termination, the addition of a Bi layer on the top preserves the Dirac
nodal lines but causes bands to split, for example within the X region, above the reported
nodal line11.
Conclusion
We observed that when evaporating Bi on an In-enriched InAs(111)-A both Bi and InBi
crystals are obtained. These crystals presented well ordered structures on STM pictures:
hexagonal for Bi(111) and tetragonal for InBi(001). However, the obtained InBi exhibits a
lattice relaxation in comparison with the catalogued lattice parameters4, as cross-checked by
our ab-initio calculations and a previous experimental report8. An ARPES study of these
samples clearly emphasises electronic band structure signatures of both crystals. The origins
of these electronic states are confirmed thanks to ab-initio calculations using the SPR-KKR
package detailing the role of each crystal. In the case of Bi(111), new electronic states
appear next to the M point due to the In-enriched InAs(111) substrate used. Concerning
the InBi(001), the theoretical study of the layer-resolved electronic band structure illustrates
6
the predominant contribution of the Bi atom into surface bands exhibiting a spin momentum
locking (i.e. topolgical surface state), the role of In being minimised. In this aspect, the
experimentally obtained InBi(001) crystal becomes comparable to the predicted Bi-139 TCI
structure31.
This last finding establishes InBi as a material with high potential for realising further
topological materials suitable to play a role in the spintronics field.
Methods
Sample preparation and analysis
The substrates used in the presently shown experiments all come from an InAs(111) n-
type wafer (Wafer Technology Ltd., UK) doped by sulfur with a carrier concentration of
3.108 cm−3, polished on both sides. In an Ultra-High Vacuum (UHV) chamber conditions,
e.i. P∝ 2.10−10 mbar, the substrates were out-gassed and then underwent 2 to 3 cycles of
successive ion bombardment (Ar+, 600 eV) and annealing at approximately 400◦C (mon-
itored by Infra-Red pyrometer with the emissivity set to  = 0.33), each stage having a
duration of 20 to 30 minutes. An ultrathin film of approximately 10 bi-layers (BLs) of Bi
was slowly evaporated onto the substrates with a growth rate of 1 ML in about 4 minutes
using a Knudsen cell.
This procedure was used numerous times within experiments at the NanoESCA and the
APE-LE beamlines of the Elettra synchrotron radiation facility and the MERLIN beamline
of the Advanced Light Source (ALS) facility, where the measured electronic band structure
was always the same. In the present paper, results of only the 2 latter experiments are pre-
sented. The ARPES spectra were acquired at the MERLIN beamline with a Scienta R4000
analyser and at the APE-LE with a Scienta SES 2002. In addition, the APE-LE beamline has
a Scanning Tunnelling Spectroscopy (STM) chamber connected in parallel which allowed an
advanced characterization of the Bi/InAs systems’ surface in real space at room temperature
conditions, providing us the shown filtered22 images. The shown ARPES measurements were
performed at photon energies of hν = 87 eV and hν = 20 eV for respectively Fig.2(a,c).
Modelling framework
On the theoretical side, the ab-initio calculations were performed using the SPR-KKR pack-
age10. It is based on the Korringa-Kohn-Rostoker method which uses the Green function
formalism within the multiple scattering theory. Moreover, the package is based on the fully
relativistic Dirac equation, thus fundamentally taking into account the relativistic effects,
such as SOC. The Density Functional Theory (DFT) calculations were done using Local
Density Approximation (LDA) method for both Bi and InBi. The ARPES spectra for the
semi-infinite Bi(111) crystal were calculated within the one-step model of photoemission5.
Calculations for Bi and InBi were done in the semi-infinite crystal frame, with a 2D thin film
surface created on top in the case of the InBi crystal using the Tight-Binding (TB) model.
The energy of the photon set for all the calculation presented here was hν = 22 eV.
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Figure 1 | LEED pattern and Scanning Tunnelling Microscope images. The
sketches on the LEED pattern exhibit a hexagonal a and tetragonal d structures. STM
images show in real space the hexagonal region c, the overall image displays islands having
a triangular shape and having the same orientation b. STM image showing in real space a
tetragonal domain e with square-like lattice pattern. The spectrum f shows the results of
the XRD measurements where one observes Bi, In and InAs, the subrate.
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Figure 2 | Experimental and theoretical band dispersions for Bi/InAs(111)-A
and for a Bi semi-infinite crystal, respectively. a, Fermi surface mapping obtained
on a Bi/InAs(111)-A system after depositing approximately 10 bilayers of Bi on the InAs
substrate. A sketch in green dotted lines delimits the corresponding surface Brillouin zone
while the red lines indicate the states of particular interest. b, Theoretical Fermi surface
mapping calculated using the one-step model of photoemission embedded in the SPR-KKR
package. c, A zoom in the experimental surafce mapping exhibiting the ring shapes states.
d, Cross section along the MK direction showing the band dispersion in momentum space
versus the energy. The red dotted lines sketch the prolongation of surface states which suggest
a Dirac point above the Fermi level.
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Figure 3 | Crystallographic structure in real space and electronic structure in
reciprocal space for the InBi alloy. a, Sketch of 4 unit cells of InBi within the tetragonal
(PbO) structure. Along the [001] direction (referred to as z here), the system is theoretically
described as a stacking of trilayers as emphasised by the black brace. b, Top-view for a Bi-
bilayer terminated InBi(001) surface. c, Side-view of the corresponding surface. d, Sketch of
4 Tetragonal (001) Brillouin zones. e,f, Projected bulk band structure using the standard4
and the relaxed8 parameters, respectively: the relaxation of InBi causes a flattening of the
band gap, which aligns with the Fermi level. g,h, Bloch spectral function for total and
spin-resolved intensities: the band crossing behaves like a Dirac point.
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Figure 4 | Layer-resolved Bloch spectral function. Top, Sketch of the surface ter-
mination used within the SPR-KKR calculations for the InBi alloy system along the [001]
crystallographic direction. Both the trilayer formalism and the Bi bilayer formalism are rep-
resented. a,b, Spectra showing the contributions of each atomic layers into the Dirac-like
point for the standart-like and relaxed lattice parameters, respectivelly. The contributions
are the stronguest for the Bi atoms located at (1) and (4), describing an oscillating behavior.
c,d, Corresponding Bloch spectral functions depicting the general bands dispersion around
the M point.
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